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State transitions are acclimatory responses to changes in light quality in photosynthesis. They
involve the redistribution of absorbed excitation energy between photosystems I and II. In plants
and green algae, this redistribution is produced by reversible phosphorylation of the chloroplast
light harvesting complex II (LHC II). The LHC II kinase is activated by reduced plastoquinone (PQ)
in photosystem II-speciﬁc low light. In high light, when PQ is also reduced, LHC II kinase becomes
inactivated by thioredoxin. Based on newly identiﬁed amino acid sequence features of LHC II kinase
and other considerations, a mechanism is suggested for its redox regulation.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Photosynthesis is the conversion of light energy into chemical
energy by plants, algae and certain bacteria. The molecular
machinery of photosynthesis involves photosystems, which are
pigment-protein complexes. Each photosystem consists of a
peripheral array of light harvesting antenna pigments, embedded
into proteins, and an internal core of the reaction center, where a
special pair of chlorophylls initiates the light-driven redox chemis-
try. In a type of photosynthesis known as oxygenic photosynthesis,
two distinct photosystems are connected in series via a cyto-
chrome b6f complex (cyt b6f) [1]. This series connection enables
the photosystems to split water and extract electrons, liberating
oxygen as a byproduct. Electrons extracted from water are then
passed on through a chain of electron carriers, and ﬁnally to CO2
to make carbohydrates in the Benson–Calvin cycle of carbon
ﬁxation. Oxygenic photosynthesis is found in plants, algae and
cyanobacteria. In plants and algae photosynthesis occurs in cyto-
plasmic organelles known as chloroplasts, while in cyanobacteria
photosynthesis takes place on internally folded regions of the
plasma membrane.chemical Societies. Published by E
I; PS II, photosystem II; PS I,
ation site;cyt b6f, cytochromeThe two photosystems of oxygenic photosynthesis are photo-
system II (PS II) and photosystem I (PS I). Due to their differing pig-
ment compositions, PS II and PS I show unique light absorption
properties. Absorption of light by PS II is conﬁned mainly to shorter
wavelengths than is the case for PS I [2]. Since PS II and PS I are
connected in series, for efﬁcient photosynthesis, these two photo-
systems should convert light energy at an equal rate. In natural
environments, the photosynthetically active light is often enriched
in particular wavelengths of light, which favors one photosystem
over the other. Preferential excitation of individual photosystems
causes imbalance in photosynthetic electron transport. Under such
light conditions, plants, algae and cyanobacteria employ state tran-
sitions, an acclimatory response to changes in light quality. State
transitions correct the imbalance in excitation energy distribution
by redistributing excitation energy in favor of the rate-limiting
photosystem [3,4]. In plants and green algae reversible phosphor-
ylation of the chloroplast light harvesting complex II (LHC II) [5,6]
underlies the molecular mechanism of state transitions [7,8]. The
protein kinase that phosphorylates LHC II is regulated by the redox
state of the interphotosystem electron carrier, plastoquinone (PQ)
[9]. In light conditions that preferentially excite PS II, the PQ pool
becomes reduced, and the reduced PQ, plastoquinol (PQH2),
activates the LHC II kinase [7,8]. The LHC II becomes phosphory-
lated and the phosphorylated LHC II migrates from PS II towards
PS I and transfers excitation energy in favor of PS I [10,11]. Thislsevier B.V. All rights reserved.
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complementary light condition, that is when PS I is primarily ex-
cited, the PQ pool becomes oxidized. The LHC II kinase is inactive
in this light condition and an LHC II phosphatase dephosphorylates
phospho-LHC II [12]. The dephosphorylated LHC II then returns to
PS II from PS I and redistributes excitation energy to PS II. This
adaptive condition to PS I-speciﬁc light is state 1. The transitions
between these two adaptive states are called state transitions.
Subsequent to the discovery of PQH2 activating the LHC II
kinase [9], it was shown that the electron transfer complex cyt
b6f was required for this activation [13–15]. Further research
revealed that the quinol oxidation site (Qo site) in cyt b6f controls
the activation of the LHC II kinase [16,17]. It thus became clear that
quinones acting at one of the quinone-binding sites in cyt b6f,
rather than the free, diffusing quinones in the thylakoid mem-
brane, activate the LHC II kinase. A second mode of regulation of
LHC II kinase was discovered when the LHC II kinase was found
to be in an inactive state in high light [18]. Since the PQ pool exists
in a reduced state in high light and the reduced PQ is known to
activate the LHC II kinase [9], this inhibition of LHC II kinase was
difﬁcult to explain in terms of regulation by PQ. For this regulation,
however, the redox state of the stromal electron carrier thiore-
doxin turned out to be crucial, as the ferredoxin–thioredoxin sys-
tem [19] was shown to inhibit the LHC II kinase in high light
[18]. This inhibition of LHC II kinase by thioredoxin is thought to
be physiologically relevant, as in high light, when light is not
rate-limiting, state transitions are no longer required as an accli-
matory response [20]. As the regulatory properties of the LHC II
kinase became apparent, genetic analysis of the green alga
Chlamydomonas reinhardtii and the model higher plant Arabidopsis
thaliana uncovered the identity of the LHC II kinase [21,22]. The
LHC II kinase is a serine/threonine kinase known as Stt7 in
Chlamydomonas [21] or as Stn7 in Arabidopsis [22]. Stt7/Stn7 has
a single transmembrane domain, a lumen-located N-terminal
stretch of residues, and a stromally-exposed kinase domain [23].
2. The current model of LHC II kinase regulation
The current model for the activation of LHC II kinase by PQH2
suggests a mechanism based on the movement of the Rieske iron
sulfur protein within the cyt b6f complex [17,24,25]. The Rieske
iron sulfur protein is an electron carrier located between PQH2
and cytochrome f in the photosynthetic electron transport chain.
This regulatory model of LHC II kinase, mainly derived from muta-
tional and inhibitor studies of the cyt b6f in Chlamydomonas
[17,24], proposes that upon binding of PQH2 at the Qo site of cyt
b6f complex, the Rieske iron sulfur protein moves from a distal po-
sition to a proximal position. This movement causes a conforma-
tional change in cyt b6f that activates the LHC II kinase. These
distal and proximal positions of the Rieske iron sulfur protein refer
to the positioning of the surface-exposed head domain with re-
spect to the thylakoid membrane during electron transport. In its
distal position, the iron-sulfur cluster of the Rieske protein is dis-
tant from the membrane and close to cytochrome f; alternatively,
in its proximal position, the Fe-S cluster is close to the thylakoid
membrane and the Qo site. For the thioredoxin-mediated inactiva-
tion of the LHC II kinase in high light, it has been suggested that the
thioredoxin acts at the two conserved cysteine residues on the lu-
menal side of Stt7/Stn7 [21]. According to this model, these two lu-
menal cysteines interspersed with four amino acids in Stt7/Stn7
represent a thioredoxin target-site, and the reduction of these
two lumenal cysteines by thioredoxin makes the kinase inactive.
Thioredoxin is found in the chloroplast stroma and therefore how
the lumenally-positioned cysteines of Stt7/Stn7 could be reduced
by it remained problematic in this model. In order to explain this,it has been further proposed that thylakoid proteins such as CcdA
and Hcf164 transmit the thioredoxin signals across the thylakoid
membrane from the stroma to the lumenal cysteine residues of
the Stt7/Stn7 [26–28].
This model of LHC II kinase regulation has several limitations.
First of all, this model hinges on conformational change rather than
the reducing potential of PQH2 as the ultimate source of the signal.
In cases where quinones are known to signal, in fact, it is always
their reducing or oxidizing properties that make up the signal
[29–35]. In this model it is also not clear how the movement of
the Rieske iron sulfur protein and the corresponding conforma-
tional change in cyt b6f as part of the activation mechanism are
different from similar movements of these components in the pro-
tonmotive Q-cycle and in the analogous cytochrome bc1 complex.
Additionally this model posits that thylakoid proteins such as CcdA
and Hcf164 are involved in the transduction of thioredoxin signals
from the stroma to the lumenal cysteines of Stn7; however, these
proteins have well-deﬁned functions in the biogenesis and assem-
bly of the cyt b6f complex [36–38]. It is difﬁcult to see how CcdA
and Hcf164 undertake two entirely different functions – biogenesis
of c-type cytochromes and regulation of Stn7 – in the thylakoid
lumen.
3. A new model for LHC II kinase regulation
Here I propose an alternate model for Stt7/Stn7 regulation. In PS
II-speciﬁc low light condition the PQH2, from the Qo site, directly
activates the Stt7/Stn7 kinase by the reduction of a disulﬁde link-
age formed by the conserved lumenal cysteine residues in the ki-
nase (Fig. 1). Since the quinone-binding Qo pocket of cyt b6f is a
rather restricted channel [39], it may be that the quinol cannot di-
rectly access the lumenal cysteines of Stn7. In that case, the reduc-
ing potential of PQH2 could be transduced to Stn7 via the Rieske
iron sulfur protein. This model (Fig. 1) thus proposes that the trig-
ger for the activation of LHC II kinase is the reduction of its lumenal
disulﬁde bond by the PQH2. It is not known whether this disulﬁde
linkage in Stt7/Stn7 is within one monomer or between two mono-
mers of the kinase. As the Stt7 is found as a dimer in Chlamydo-
monas [27], it is likely that the disulﬁde bond is intermolecular.
Whether or not the disulﬁde bond is intermolecular, the model
suggested here for LHC II kinase activation applies. The formation
of the disulﬁde bond, which is characteristic of the inactive state
of the kinase, could be spontaneous in the lumen or catalyzed by
thiol-oxidizing lumenal proteins such as the cytochrome c6A (cyt
c6A) [40].
This activation model of Stn7, however, presents a speciﬁc dif-
ﬁculty in terms of redox potential. The standard midpoint redox
potentials ðE00Þ of disulﬁdes in proteins vary, with values such as
89 and 270 mV have been reported for catalytic/regulatory
disulﬁdes [41,42]. While the disulﬁdes that serve structural roles
have more negative potentials, which can be as low as 470 mV
[43]. The standard midpoint redox potential of PQ, in contrast, is
more positive (+80 mV) [44]. Given the fact that the midpoint re-
dox potential of thiol–disulﬁde couple is more negative than that
of PQ–PQH2 couple, how might PQH2 be able to reduce the disul-
ﬁde bond in Stn7? Since the redox potential of chemical species de-
pend directly on the concentration of their reduced and oxidized
forms, it may be possible that the redox potential of the PQ pool
swings towards a more negative potential, sufﬁcient for the reduc-
tion of the disulﬁde bond, when the ratio of PQH2 to PQ increases
signiﬁcantly in PS II-speciﬁc light condition. Additionally, the prin-
ciple that a weak reductant (PQH2 here) will be able to reduce a
strong reductant (disulﬁde in Stn7) if the concentration of the
former is higher than that of the latter could hold true here. The
extremely low abundance of Stn7 [23] means that the number of
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Fig. 1. A model for the redox-regulation of Stn7 in the chloroplast thylakoid membrane. Photosynthetic electron transport from water to NADP+ is shown diagrammatically.
PS II and PS I represent photosystem II and photosystem I, respectively. Cyt b6f is cytochrome b6f complex. PQ and PQH2 are oxidized and reduced plastoquinone, respectively.
PC, plastocyanin; Fd, ferredoxin; Trx, thioredoxin; FNR, ferredoxin NADP+ oxidoreductase. The LHC II kinase, Stn7 (depicted by a bent rectangle and an oval shape) is
associated with the cyt b6f complex. The regulatory disulﬁde linkages in the lumenal and stromally-exposed kinase domain of Stn7 are represented by the notation ‘‘s–s’’. The
arrowheads from PQH2 and Trx pointing towards the disulﬁde linkage stand for the reduction reactions, which result in the breakage of the disulﬁde bond. The reduction of
the lumenal cysteines by PQH2 in PS II light is proposed to activate Stn7, while the reduction of the stromal cysteines by Trx in high light is suggested to inactivate the kinase.
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plast thylakoids. The increase in the reduction potential of PQH2
may also result from the fact that in this light condition the elec-
tron acceptors of PQH2 in the high and low potential branches of
cyt b6f remain reduced and are unable to accept more electrons
from it [16]. The most likely electron acceptor of PQH2 in this con-
dition may then be the Stn7, which is usually found associated
with the Rieske iron sulfur protein [23].
If the lumenal cysteines are indeed involved in the activation of
the kinase, then, how does the thioredoxin system inactivate Stn7
in high light? A thioredoxin target site, conveniently positioned in
the stromally-exposed region of Stn7 would solve this problem.
Inspection of the amino acid sequence of Stn7 homologs from rep-
resentative species of ﬂowering plants, a pteridophyte, a bryophyte
and two green algae indeed reveals a hitherto unrecognised, con-
served thioredoxin-like CxxxC motif in the stromally-exposed ki-
nase domain of Stn7 (Fig. 2). The reduction of the cysteines of
this motif could be responsible for the inactivation of Stn7 by the
thioredoxin system. Curiously, this positionally conserved cysteine
motif is absent in the Chlamydomonas homolog of Stn7, Stt7
(Fig. 2). However, the amino acid sequence of Stt7 shows two other
closely placed cysteines in the middle of the kinase domain (Fig. 2).
Since PQ is reduced in high light, the lumenal cysteines of Stt7/Stn7
are also expected to be in a reduced state. The inactivated LHC II
kinase in high light will therefore have its both lumenal and stro-
mal thiols reduced. Although this model of Stn7/Stt7 regulation re-
mains to be tested by further experiments, it is simple compared to
the current model of LHC II kinase regulation [25,27]. Among other
things, this new model does not entail the complicated conforma-
tional changes in cyt b6f, which are required by the previous model
for the kinase activation, nor does it require the transmembrane
transduction of thioredoxin signals to the lumenal side of the
kinase.4. Predictions and observations of the new model
(i) The conserved lumenal cysteines of Stt7/Stn7 are crucial for
its activation by PQH2. The loss of these cysteine residues
will result in the inactivation of Stt7/Stn7. Site-directed
mutagenesis studies of these cysteines indeed conﬁrms this
prediction [23]. The observation that a low lumenal pH acti-
vates the LHC II kinase is also consistent with this prediction
[45,46], as in highly acidic conditions the cysteine residues
of Stt7/Stn7 in the lumen will be protonated and the disul-
ﬁde linkage broken. Therefore, the effect of acidic conditions
on Stt7/Stn7 is similar to the action of PQH2.
(ii) The conserved stromal cysteine motif of Stn7 is critical for its
inactivation by the ferredoxin–thioredoxin system in high
light. The loss of these residues will abolish the inhibitory
effect of thioredoxin on Stn7. Although this prediction
remains to be tested, some observations from an earlier
study of LHC II kinase regulation [47] seem to bear it out.
The greater efﬁcacy of more lipophilic and hydrophobic sulf-
hydryl-directed reagents in inhibiting LHC II kinase points to
regulatory –SH groups that are buried in the kinase [47]. The
–SH groups within the stromally-exposed kinase domain of
Stn7, as proposed here (Fig. 1), ﬁt neatly with the description
of such a buried regulatory site. Furthermore, the demon-
stration that the inhibitory effect of the alkylating agents
on the kinase activity can be relieved by the addition of
the adenine nucleotide, ATP, is consistent with the notion
that the regulatory –SH groups and the ATP-binding motifs
reside in the same region of the kinase [47], and as suggested
in Fig. 1. The reduction of cysteines in the CxxxC motif of the
kinase domain by thioredoxin in high light may therefore
interfere with ATP-binding in Stn7, and consequently inhib-
iting its kinase activity.
Fig. 2. Multiple amino acid sequence alignment of Stn7 homologs, showing the conserved cysteine motifs involved in redox regulation. Predicted amino acid sequence of
Stn7 homologs from representative plant and algal species are aligned with the ClustalX program. The Stn7 homologs were retrieved from the non-redundant (nr) protein
database at NCBI with a protein similarity search (pBLAST), using the Arabidopsis Stn7 (At1g68830) as query. Cysteine residues in the alignment are shaded gray with the
Jalview alignment editor. The asterisks indicate the conserved cysteines. The ﬁlled rectangle above the alignment denotes the predicted transmembrane helix and the open
rectangle represents the kinase domain. The previously identiﬁed lumenal cysteine motif consists of two fully conserved cysteine residues separated by four amino acids [21].
This motif lies before the start of the transmembrane helix, and is predicted to be the target site of PQH2 activation of Stn7 in the regulatory scheme proposed here (Fig. 1). A
second cysteine motif is revealed in the alignment. This motif lies within the stromally-exposed kinase domain, and is made up of two highly conserved cysteines separated
by three amino acids. This second cysteine motif is proposed to be the target site of thioredoxin, which is predicted to inactivate Stn7 by reduction of the cysteines and
breakage of their disulﬁde bond.
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the positionally conserved stromal cysteine motif (Fig. 2),
it may be that thioredoxin does not inhibit LHC II phos-
phorylation in Chlamydomonas. So far, the thioredoxin
inhibition of LHC II kinase has been demonstrated only
in plants [18,48]. A second possibility is that thioredoxin
inhibits Chlamydomonas Stt7 through cysteine residues
lying elsewhere in the protein. The role of two closely
placed cysteines in the middle of the kinase domain of
Stt7 (Fig. 2) in thioredoxin regulation remains to be
explored.
(iv) If the formation of the disulﬁde linkage in the lumenal
side of Stt7/Stn7, which is characteristic of the inactive
state of Stt7/Stn7, is catalyzed by cyt c6A and not sponta-
neous, this then suggests a speciﬁc function for the cyt c6A
molecule in chloroplasts. The functional role of cyt c6A in
photosynthesis has thus far remained elusive; apart from
a suggestion that cyt c6A is a general thiol-oxidant in the
lumen [40].Acknowledgment
The author is a Leverhulme Trust Early Career Fellow; thanks
John F. Allen for discussions and comments on the manuscript.
References
[1] Hill, R. and Bendall, F. (1960) Function of the two cytochrome components in
chloroplasts – a working hypothesis. Nature 186, 136–137.
[2] Myers, J. (1971) Enhancement studies in photosynthesis. Annu. Rev. Plant
Physiol. 22, 289–312.
[3] Bonaventura, C. and Myers, J. (1969) Fluorescence and oxygen evolution from
Chlorella pyrenoidosa. Biochim. Biophys. Acta 189, 366–383.
[4] Murata, N. (1969) Control of excitation transfer in photosynthesis. I. Light-
induced changes of chlorophyll a ﬂuorescence in Porphyridium cruentum.
Biochim. Biophys. Acta 172, 242–251.
[5] Bennett, J. (1977) Phosphorylation of chloroplast membrane polypeptides.
Nature 269, 344–346.
[6] Bennett, J. (1979) Chloroplast phosphoproteins – phosphorylation of
polypeptides of the light-harvesting chlorophyll protein complex. Eur. J.
Biochem. 99, 133–137.
S. Puthiyaveetil / FEBS Letters 585 (2011) 1717–1721 1721[7] Allen, J.F. (1992) Protein phosphorylation in regulation of photosynthesis.
Biochim. Biophys. Acta 1098, 275–335.
[8] Michel, H., Grifﬁn, P.R., Shabanowitz, J., Hunt, D.F. and Bennett, J. (1991)
Tandem mass spectrometry identiﬁes sites of three post-translational
modiﬁcations of spinach light-harvesting chlorophyll protein II. Proteolytic
cleavage, acetylation, and phosphorylation. J. Biol. Chem. 266, 17584–17591.
[9] Allen, J.F., Bennett, J., Steinback, K.E. and Arntzen, C.J. (1981) Chloroplast
protein phosphorylation couples plastoquinone redox state to distribution of
excitation-energy between photosystems. Nature 291, 25–29.
[10] Allen, J.F. (1983) Protein phosphorylation – carburetor of photosynthesis.
Trends Biochem. Sci. 8, 369–373.
[11] Telfer, A., Allen, J.F., Barber, J. and Bennett, J. (1983) Thylakoid protein-
phosphorylation during state-1–state-2 transitions in osmotically shocked
pea-chloroplasts. Biochim. Biophys. Acta 722, 176–181.
[12] Bennett, J. (1980) Chloroplast phosphoproteins – evidence for a thylakoid-
bound phosphoprotein phosphatase. Eur. J. Biochem. 104, 85–89.
[13] Bennett, J., Shaw, E.K. and Michel, H. (1988) Cytochrome b6f complex is
required for phosphorylation of light-harvesting chlorophyll a/b complex II in
chloroplast photosynthetic membranes. Eur. J. Biochem. 171, 95–100.
[14] Gal, A., Hauska, G., Herrmann, R. and Ohad, I. (1990) Interaction between
light harvesting chlorophyll-a/b protein (LHCII) kinase and cytochrome b6/f
complex. In vitro control of kinase activity. J. Biol. Chem. 265, 19742–
19749.
[15] Gal, A., Shahak, Y., Schuster, G. and Ohad, I. (1987) Speciﬁc loss of LHCII
phosphorylation in the Lemna mutant 1073 lacking the cytochrome b6/f
complex. FEBS Lett. 221, 205–210.
[16] Vener, A.V., van Kan, P.J., Rich, P.R., Ohad, I. and Andersson, B. (1997)
Plastoquinol at the quinol oxidation site of reduced cytochrome bf mediates
signal transduction between light and protein phosphorylation: thylakoid
protein kinase deactivation by a single-turnover ﬂash. Proc. Natl. Acad. Sci.
USA 94, 1585–1590.
[17] Zito, F., Finazzi, G., Delosme, R., Nitschke, W., Picot, D. and Wollman, F.A.
(1999) The Qo site of cytochrome b6f complexes controls the activation of the
LHCII kinase. EMBO J. 18, 2961–2969.
[18] Rintamaki, E., Martinsuo, P., Pursiheimo, S. and Aro, E.M. (2000) Cooperative
regulation of light-harvesting complex II phosphorylation via the plastoquinol
and ferredoxin–thioredoxin system in chloroplasts. Proc. Natl. Acad. Sci. USA
97, 11644–11649.
[19] Buchanan, B.B. (1991) Regulation of CO2 assimilation in oxygenic
photosynthesis: the ferredoxin/thioredoxin system. Perspective on its
discovery, present status, and future development. Arch. Biochem. Biophys.
288, 1–9.
[20] Allen, J.F. (2005) Photosynthesis: the processing of redox signals in
chloroplasts. Curr. Biol. 15, R929–R932.
[21] Depege, N., Bellaﬁore, S. and Rochaix, J.D. (2003) Rote of chloroplast protein
kinase Stt7 in LHCII phosphorylation and state transition in Chlamydomonas.
Science 299, 1572–1575.
[22] Bellaﬁore, S., Barneche, F., Peltier, G. and Rochaix, J.D. (2005) State transitions
and light adaptation require chloroplast thylakoid protein kinase STN7. Nature
433, 892–895.
[23] Lemeille, S., Willig, A., Depege-Fargeix, N., Delessert, C., Bassi, R. and Rochaix,
J.D. (2009) Analysis of the chloroplast protein kinase Stt7 during state
transitions. PLoS Biol. 7, e45.
[24] Finazzi, G., Zito, F., Barbagallo, R.P. andWollman, F.A. (2001) Contrasted effects
of inhibitors of cytochrome b6f complex on state transitions in Chlamydomonas
reinhardtii: the role of Qo site occupancy in LHCII kinase activation. J. Biol.
Chem. 276, 9770–9774.
[25] Wollman, F.A. (2001) State transitions reveal the dynamics and ﬂexibility of
the photosynthetic apparatus. EMBO J. 20, 3623–3630.
[26] Dietzel, L., Brautigam, K. and Pfannschmidt, T. (2008) Photosynthetic
acclimation: state transitions and adjustment of photosystem stoichiometry–
functional relationships between short-term and long-term light quality
acclimation in plants. FEBS J. 275, 1080–1088.
[27] Lemeille, S. and Rochaix, J.D. (2010) State transitions at the crossroad of
thylakoid signalling pathways. Photosynth. Res. 106, 33–46.[28] Pesaresi, P., Pribil, M., Wunder, T. and Leister, D. (2010) Dynamics of reversible
protein phosphorylation in thylakoids of ﬂowering plants: the roles of STN7,
STN8 and TAP38. Biochim. Biophys. Acta, in press, doi:10.1016/j.bbabio.
2010.08.002.
[29] Oh, J.I. and Kaplan, S. (2000) Redox signaling: globalization of gene expression.
EMBO J. 19, 4237–4247.
[30] Georgellis, D., Kwon, O. and Lin, E.C. (2001) Quinones as the redox signal for
the arc two-component system of bacteria. Science 292, 2314–2316.
[31] Grabbe, R. and Schmitz, R.A. (2003) Oxygen control of nif gene expression in
Klebsiella pneumoniae depends on NifL reduction at the cytoplasmic
membrane by electrons derived from the reduced quinone pool. Eur. J.
Biochem. 270, 1555–1566.
[32] Bock, A. and Gross, R. (2002) The unorthodox histidine kinases BvgS and EvgS
are responsive to the oxidation status of a quinone electron carrier. Eur. J.
Biochem. 269, 3479–3484.
[33] Taylor, B.L. (2007) Aer on the inside looking out: paradigm for a PAS-
HAMP role in sensing oxygen, redox and energy. Mol. Microbiol. 65,
1415–1424.
[34] Ivleva, N.B., Gao, T., LiWang, A.C. and Golden, S.S. (2006) Quinone sensing by
the circadian input kinase of the cyanobacterial circadian clock. Proc. Natl.
Acad. Sci. USA 103, 17468–17473.
[35] Swem, L.R., Gong, X., Yu, C.A. and Bauer, C.E. (2006) Identiﬁcation of a
ubiquinone-binding site that affects autophosphorylation of the sensor kinase
RegB. J. Biol. Chem. 281, 6768–6775.
[36] Page, M.L. et al. (2004) A homolog of prokaryotic thiol disulﬁde transporter
CcdA is required for the assembly of the cytochrome b6f complex in
Arabidopsis chloroplasts. J. Biol. Chem. 279, 32474–32482.
[37] Lennartz, K., Plucken, H., Seidler, A., Westhoff, P., Bechtold, N. and
Meierhoff, K. (2001) HCF164 encodes a thioredoxin-like protein involved
in the biogenesis of the cytochrome b6f complex in Arabidopsis. Plant Cell
13, 2539–2551.
[38] Gabilly, S.T., Dreyfuss, B.W., Karamoko, M., Corvest, V., Kropat, J., Page, M.D.,
Merchant, S.S. and Hamel, P.P. (2010) CCS5, a thioredoxin-like protein
involved in the assembly of plastid c-type cytochromes. J. Biol. Chem. 285,
29738–29749.
[39] Kurisu, G., Zhang, H., Smith, J.L. and Cramer, W.A. (2003) Structure of the
cytochrome b6f complex of oxygenic photosynthesis: tuning the cavity.
Science 302, 1009–1014.
[40] Schlarb-Ridley, B.G., Nimmo, R.H., Purton, S., Howe, C.J. and Bendall, D.S.
(2006) Cytochrome c(6A) is a funnel for thiol oxidation in the thylakoid lumen.
FEBS Lett. 580, 2166–2169.
[41] Wunderlich, M. and Glockshuber, R. (1993) Redox properties of protein
disulﬁde isomerase (DsbA) from Escherichia coli. Protein Sci. 2, 717–726.
[42] Krause, G., Lundstrom, J., Barea, J.L., Pueyo de la Cuesta, C. and Holmgren, A.
(1991) Mimicking the active site of protein disulﬁde-isomerase by
substitution of proline 34 in Escherichia coli thioredoxin. J. Biol. Chem. 266,
9494–9500.
[43] Gilbert, H.F. (1990) Molecular and cellular aspects of thiol-disulﬁde exchange.
Adv. Enzymol. Relat. Areas Mol. Biol. 63, 69–172.
[44] Okayama, S. (1976) Redox potential of plastoquinone A in spinach
chloroplasts. Biochim. Biophys. Acta 440, 331–336.
[45] Vener, A.V., Van Kan, P.J., Gal, A., Andersson, B. and Ohad, I. (1995) Activation/
deactivation cycle of redox-controlled thylakoid protein phosphorylation. Role
of plastoquinol bound to the reduced cytochrome bf complex. J. Biol. Chem.
270, 25225–25232.
[46] Singh-Rawal, P., Jajoo, A., Mathur, S., Mehta, P. and Bharti, S. (2010) Evidence
that pH can drive state transitions in isolated thylakoid membranes from
spinach. Photochem. Photobiol. Sci. 9, 830–837.
[47] Millner, P.A., Widger, W.R., Abbott, M.S., Cramer, W.A. and Dilley, R.A. (1982)
The effect of adenine nucleotides on inhibition of the thylakoid protein kinase
by sulfhydryl-directed reagents. J. Biol. Chem. 257, 1736–1742.
[48] Martinsuo, P., Pursiheimo, S., Aro, E.M. and Rintamaki, E. (2003) Dithiol
oxidant and disulﬁde reductant dynamically regulate the phosphorylation of
light-harvesting complex II proteins in thylakoid membranes. Plant Physiol.
133, 37–46.
